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CONTROLLED ELECTROCHEMICAL SYNTHESIS OF SINGLE ONE-
DIMENSIONAL METAL NANOCHAINS ACROSS MICROGAP ELECTRODES 
Amareshwari Konutham 
August 3 , 2017 
This study mainly focuses on the fabrication of single one dimensional (1D) 
NP chains across the 5-micron gap of Au two electrode devices (TED).  This has 
been achieved by electrochemical deposition of Ag onto the two electrodes, 
soaking the TED in 0.1 M Cetyltrimethyl ammonium bromide for 2-3 hours, and 
then close monitoring of the current as a function of time while a voltage across 
the two Ag coated Au electrodes in air.  One dimensional Ag nanoparticle chain 
formation occurred by oxidation of Ag to Ag+ at the positive electrode followed by 
movement of Ag+ ions to the negative electrode and deposition by reduction of 
Ag+. Chain formation could be detected by current spike in a current time plot at a 
specific voltage. High voltage of 3-5 V and the appearance of multiple spikes led 
to several chains across the gap with uncontrolled current. We fabricated single 
1D nano chains by applying a voltage of 1 V across the Ag deposited TEDs for 
1000 seconds. If no current spikes appeared, we went to 2 V for 1000 s, and so 
on until the first appearance at a current spike. After the first spike appeared, we 
then stopped the voltage and went to 1 V for a certain amount of time until the 
current reached the desired level. This led to single nanoparticle chains with
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controlled resistance values ranging from 0.1 to 10 s of kilo ohms. The chain 
morphology chained dramatically depending on the resistance of the chain and the 
Ag deposition method. Chains formed from the electrodeposited Ag nanoneedles 
displayed chains of Ag nanoparticles well-aligned single file at high resistance and 
more continuous rods/wire at low resistance. Chains formed from electrodeposited 
Ag nanoneedles displayed chains of Ag nanoparticles well-aligned single file at 
high resistance and more continuous rods/wire at low resistance.  Chains formed 
from electrodeposited Ag NP films display a cone shape with wide base at positive 
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1.1 .  Main Goal 
The main goal of this study was to develop a procedure to synthesize a 
single one-dimensional (1D), metal nanoparticle chain (particularly Ag 
nanochain) across a 5 µm electrode gap of a two-electrode device (TED) with 
high reproducibility and control over the morphology and electronic properties.  
The single 1D Nano chains have been synthesized by an electrochemical 
method reported by Shah and Zamborini,1 but with modifications in order to 
better control the chain formation process. 
This dissertation has been divided into 4 chapters.  Chapter 1 highlights the 
fundamental concepts, background and importance of 1D nanochains.  It also 
describes previous work in our group that produced multiple chains and 
describes the mechanism behind the process.  Chapter 2 describes the device 
fabrication and electrochemical procedures used in the nano chain synthesis.  
Chapter 3 shows the results of the single 1D Ag nanoparticle chain 
experiments, mainly through electrochemical measurements, conductivity and 
scanning electron microscopy (SEM) images.  Chapter 4 summarizes the thesis 
with conclusions, future directions and potential applications of this research.  
1.2  Motivation and Objective 
Our group previously worked on the synthesis of 1D Ag NP chains across 
the electrode microgaps using a simple electrochemical method which usually 
resulted in the formation of multiple chains across the microgap electrodes. 
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The problem was with the lack of reproducibility in the number of chains 
formed and the electronic properties which motivated us to develop a method 
to form just one single 1D nanoparticle chain across the microelectrode gap.  It 
is important to form single Ag NP chain which are well defined for 
nanoelectronic and sensing device applications.  Our objective was to 
synthesize controlled and reproducible 1D NP chains for resistive switching and 
sensor applications. 
1.3 . Nanostructures and their Importance 
There is tremondous interest in metal NPs due to their unique, 
physicochemical properties and surface plasmon behavior.2-4  Applications of 
these nanostructures include catalysis,5-6 imaging,6 therapy,7 surface-
enhanced raman scattering (SERS),8 local surface plasmon resonance 
(LSPR)9 and surface enhanced fluorescence(SEF).10-11  These metal 
nanoparticles are synthesized first and then assembled to form 
nanoassemblies. Controlled assembly on surfaces is often required to 
maximize their use in several applications. 
1.4. Synthesis of Metal Nanoparticles 
The synthesis of metal NPs has been intensely studied for over the past 
20 years.  The reduction of metal salt precursors (Mn+) to M0 in the presence of 
stabilizers results in the formation of NPs of controlled size and shape.12  
Different methods have been developed for the synthesis of metal NPs, such 
as like the polyol method, seed mediated synthesis and electrochemical 
method. 
 The Polyol synthesis involves the reduction of the inorganic metal 
precursor in the presence of alcohol molecules with multiple hydroxyl groups, 
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such as PVP13 at elevated temperatures. AgNO3 in presence of ethylene glycol 
(EG) and PVP (poly (vinyl pyrrolidone)) resulted in the formation of different 
shapes of silver nanostructures depending on the temperature of the reaction.14 
The polyol synthesis has been developed to synthesize different metal NPs 
such as Ag,15-16  Pt,17-19 Au,16, 20-21 and Cu.22-23 
 Seed-mediated synthesis is another approach to synthesize metal 
nanoparticles, where tiny nanocrystals act as the seeds for further growth into 
larger nanoparticles of controlled size and shape. Small Au seeds were found 
grow into large spherical Au NPs when AuCl4- was reduced in presence of the 
nano seeds by Murphy and coworkers.24  This process has an advantage of 
controlling the size and shape by controlling the concentration of seed used for 
the growth and other parameters. 15, 25-26 
 The electrochemical synthesis of nano-sized transition metal particles in 
the presence of tetraalkylammonium salts as a stabilizer was first reported by 
Reetz and coworkers.27  Similarly, a high yield of suspended gold nanorods 
were electrochemically synthesized by using a gold metal plate as the anode 
and platinum plate as the cathode immersed in an electrolytic solution 
containing cetyl trimethyl ammonium bromide (CTAB) which acts as a 
supporting electrolyte and stabilizer,  preventing further growth of Au NP size. 
28  Our group reported an electrodeposition method for the synthesis of 1D 
structures29-30 and later Ag nanoparticles1 were electrodeposited on 





1.5.  Assembly of Metal Nanoparticles into 1D Chains 
Metal nanoparticles can be thought of a building blocks for the construction 
of advance tunable materials, which are classified into different groups based 
on the assemblies formed These assemblies are categorized into one 
dimensional (1D), two dimensional (2D) and three-dimensional systems (3D) 
(Figure1.1). 1D assemblies seem to have attracted the most attention mainly 
due to the fascinating optical properties,31-34 and sensing properties of their 
assemblies. 29-30, 35  There are many structures in the literature assemblies 
describing 1D metal NP assemblies. 
1.5.1. 1D Metal NP Assembly by Lithography 
Au NPs have been deposited onto predefined positions on a silica 
surface using an AFM tip inked with NPs in a solvent medium, which on 
evaporation of solvent resulted in NP chain structures.36 This technique was 
then developed into a Dip-Pen Nanolithography technique where precise 1D 
Au NP chain were fabricated.37 Plasmonic NP structures have been 
synthesized by mechanical scratching of PMMA-Au NPs on a substrate by AFM 
Lithography.38 The direct arrangement of NPs on a substrate was also achieved 
by nanoimprint lithography39 and scanning probe lithography.40 
Lithography techniques also include top down approaches, such as 
electron beam lithography where a bulk material is sculpted into 1D NP 
chains.41  These techniques need high energy exposure and extra etching 
steps which requires expensive apparatus and is not industrially scalable.  
1.5.2. Template-Directed Assembly of 1D Metal NPs 
Metal NPs could be arranged with the help of a template which is known 














Figure.1.1. Different types of nanoparticle assemblies. 
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are sub-divided into two classes soft and hard templates, depending on the 
template structure. 
Soft templates 
Soft templates are molecules or materials that are non-rigid, such as 
DNA, biomolecules and peptide fibrils. The development of 1D nanochain of 
metal NPs with DNA as a template was first reported by Schultz et al. were they 
attached individual metal NPs to a DNA oligonucleotide, upon addition of  
a complementary single stranded DNA, 1D NP chain formed.42  From then, 
DNA has been used for building various 1D plasmonic structures.43-46  
Apart from DNA, biomolecules such as amyloid fibrils47 and peptides 
have been used for 1D assemblies.48 Interestingly, viruses have also been 
similarly used as templates in the synthesis of 1D NP chains.49 
Hard Templates  
Hard templates are rigid structures which act as templates. Various sol 
gel methods have been used to fill CNTs with various metals and subsequent 
heating led to the synthesis of Au NP chains upto 10 microns long.50 Similarly, 
different 1D Cu,51 Pt52-53 and Pd54 nanostructures have been synthesized using 
CNT’s as templates. Sangeeta et, al. had electrodeposited Ag NPs onto carbon 
nanotubes. These carbon nanotubes filled with Ag were processed to obtain 
1D nanochains.35 
1.5.3. Chemical Assembly of 1D Metal NP Chains 
There are several methods for assembling metal NPs chemically into 1D 
structures. The mechanism of 1D assembly varies depending on the specific 
approach. For example, Au NPs aggregated into linear assemblies in the 
presence of 2-naphthalenethiol due to the charge repulsion potential of the 
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nanospheres.55 Also, Au NPs were found to form 1D aggregates in a salt 
solution in the presence of ethanol due to a dipole effect.56 It was also reported 
that citrate coated Au NPs self-assembled into 1D chains in the presence of 
thiourea due to the Vorman-like effect, where a surface polarity is induced on 
to the Au NPs due to the displacement of the negatively charged citrate 
molecules by thiourea.57  1D self-assemblies have also been synthesized using 
bi-functional slinker molecules through covalent attachment58 and hydrogen 
bonding.59-60 Other template free 1D nano assemblies include assembly due to 
magnetic force61 or due to electric fields.62-65  
1.6 Assembly of Metal Nanoparticles between Electrode Gaps. 
The assembly of metal NPs between electrode gaps has been of high 
interest due to various potential applications, such as sensing,29, 35 
plasmonics66-67 and nanoelectronics.66, 68-69  Dielectrophoresis is popular 
technique used to assemble metal NPs across the electrode microgaps.  A non-
uniform AC or DC electric field creates dipoles in the Au NPs which leads to the 
formation of 1D nanostructures between the electrode gaps.70  Similar 
assemblies of Ag and Pd have been also been produced.71  This technique is 
known as Dielectrophoresis (DEP) and is used widely to assemble NPs 
between microgap electrodes.62, 69-73  Aside from this technique, 
electrochemical methods can also be used for the assembly of 1D metal NPs 
between electrodes.69 
Our group recently reported on the template free electrochemical synthesis 
of 1D metal nanostructures between electrode microgaps.  Dasari et al., 
synthesized 1D Ag NWs across the interdigitated array electrodes (IDA) 
separated by a  5 µm gap.29  This was very simple as the deposition of Ag led 
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to the growth of the nanowire from one electrode to the other electrode, forming 
a connection.  Later, Shah and Zamborini developed an electrochemical 
technique for the formation of 1D Ag NP chains in air.  The oxidation of Ag at 
the positive electrode and redeposition of Ag+ ions at the negative electrode 
occurred in air, where a surfactant CTAB was found to act as a supporting 
electrolyte and humid environment completed the electrochemical cell.1  It was 
found that in the absence of humidity the Ag NP chains were not formed even 
when 10 V was applied for 1000 seconds.  The experiment was carried out 
under different levels of humidity from 20% to 50%. At 20% humidity, no chains 
were formed across the electrode at 10 V.  As the humidity level increased to 
25%, chains started to form at 10 V.  As the percentage of humidity increased 
the potential required to form the chains decreased (Table 1.1).  
Similar studies were performed without CTAB, where there was no 
formation of chains in the absence of CTAB.  After drop cast deposition of a 
drop of 1 x 10-5 M CTAB, Ag nanochains were readily formed across the 
electrode gap.  These studies helped in understanding the formation 
mechanism of Ag nanochains but did not achieve single 1D NP chains across 
the electrodes.  When 5 V was applied across the Ag deposited IDA current 
spikes appeared in the current – time plot (Figure 1.2.A) and the corresponding 
SEM image (Figure 1.2 B, C and D) showed multiple 1D Ag nanochains across 
the electrodes.  The work in this thesis is similar, but more focused on the 












































Figure 1.2 A) Current time plot of the Ag NP deposited IDA device at 5 V. B) 
SEM image of the whole IDA device with multiple chains. C, D) Zoomed in 
SEM images of the 1D NP chains.  
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1.7 Application of 1D Nanoparticle Chains 
1D NP chains exhibit unique properties, such as interparticle photonic, 
electronic and energy transfer properties, which make them interesting 
materials for the production of next generation electronic and photonic 
devices.74-75 Pd NP chains were found to be excellent building blocks for 
hydrogen gas sensing applications.76-78  Pd NPs adsorb hydrogen molecules 
and expand when exposed to hydrogen gas increasing the resistance of the Pd 
NP chain.  Similar sensing properties have been reported for Au NPs  for 
sensing H2S gas.79 Wave guiding is found to be another promising application 
of Ag NP chains, where dampening of plasmon propagation along NP chains 
80 makes them useful in the field of nearfield microscopy and data storage.81  
These metallic NP chains also show localized surface plasmon resonance, 
which leads to enhanced absorption, reflection and efficient coloration due to 
the spatial coupling of the NPs.82-83 
Metal NP assembly across electrode gaps may also serve in the building 
of data storage devices using Nonvolatile Random-Access Memory.84-85  These 
NP chains break and reform repeatedly which leads to resistive switching from 
a low resistance state (LRS) to a high resistance state (HRS) and vice versa.85-
86  It is very important to understand the mechanism of switching, state which 
can possibly be achieved by combining Raman Scattering with conductivity 
measurements.87  Wong et al used Raman Spectroscopy to study the resistive 
random access memory process.88 Single 1D NP chains across a microgap are 
the best suited for understanding the mechanism of resistive switching. It can 
also give a very good SERS signal for molecules in the gap of the Ag NPs, 
allowing simultaneous spectroscopy and conductive data force better 
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understanding of molecular electronics.  SERS and resistive based sensing are 
also excellent potential applications for these 1D nanochain structures.  Having 
a single nanochain in these types of structures makes it clear what type of chain 





2.1. Chemicals and Substrates  
2.1.1.  Chemicals 
Silver nitrate (AgNO3) (99%), cetyltrimethylammonium bromide (CTAB) 
(>97.0%), isopropyl alcohol (99.8%), acetone (99.9+%) and methanol were 
purchased from Sigma Aldrich and used as received.  Ethanol (200 proof) was 
purchased from Decon Laboratories, Inc.  Sulfuric acid was purchased from 
Allied Chemicals.  Nanopure ultrapure water with resistivity of 18 MW-cm was 
used for all of the aqueous solutions prepared. 
2.1.2.  Aqua Regia Solution 
Aqua Regia was used to clean all of the glassware used for the 
experiments.  It was prepared by mixing concentrated HNO3 and concentrated 
HCl in a 1:3 v:v (HNO3:HCl) ratio respectively.  This corrosive and fuming liquid 
dissolves all metals such as Au, Pd and Ag from the glassware.  The glassware 
was filled with freshly prepared aquaregia solution for 30 minutes and then 
rinsed thoroughly several times with nanopure water.  
2.1.3.  Microfabrication of Au Two Electrode Devices (TED) on Si/SiO2 
Two electrode devices (TED) made of Au with a 5 µm gap were used for 
most of our studies.  The devices were fabricated in the clean room at the Micro 
Nano Technology Center at the University of Louisville.  The microfabrication 
included photolithography, sputtering and lift off processes.  In addition to the  
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TED, interdigitated array (IDA) Au electrode devices also separated by 5 µm 
was used for some experiments.  Figure 2.1 shows SEM image of TED device 
used in this work. 
2.1.4. Cleaning and Wiring of Au TED Electrodes 
The Au TED or IDA devices were cleaned and wired for the 
electrochemical studies. The overall procedure is illustrated in Figure 2.2.  
Initially the devices were cleaned by sonicating for 20 minutes in acetone, 
methanol, ethanol, water and isopropyl alcohol, followed by drying under 
nitrogen.  Then the devices were wired using silver paint and cured in an oven 
at 80 oC for 4 hours.  The silver paint was then insulated with torr seal epoxy 
and cured in an oven at 80o C for 12 hours.  The devices were placed in an 
ozone cleaner for 20 minutes to get remove possible organic impurities and 
rinsed with acetone, methanol, ethanol, water and isopropyl alcohol before 
drying under nitrogen.  Finally, the electrodes were electrochemically cleaned 
by cycling from 0 V to 1.5 V in 1 M H2SO4 for about 20 cycles, making sure to 
have well-defined oxidation and reduction peaks for the Au.  Figure 2.3 shows 
a cyclic voltammogram with peaks at 1.4 V and 0.9 V representing the oxidation 
and reduction peak of Au TED electrodes in 1 M H2SO4. 
2.2. Techniques 
2.2.1. Electrochemistry 
Electrochemical techniques were used to clean, deposit Ag, form the Ag 
NP chains, and characterize the chains.  These electrochemical experiments 
were carried out using the CHI 660A instrument purchased from CH 
Instruments, Inc. (Austin, TX).  The following are the techniques used for this 
study 
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      Figure 2.2 Various steps involved in cleaning and w













Figure 2.3 Cyclic voltammogram of an Au TED in 1 M H2SO4. 
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Cyclic Voltammetry (CV): CV was used to 
1) Electrochemically clean the Au electrodes in 1M H2SO4. 
2) Determine the potential for electrochemical deposition of Ag onto Au 
electrodes in 0.005 M AgNO3 plus 0.1 M H2SO4. 
3) Characterize Au electrodes before and after Ag deposition in air. 
4) Characterize the device after the formation of Ag NP chains in air. 
Figure 2.4 shows the set up for all the cyclic voltammetry experiments in 
solution.  The experiments were performed at room temperature using Ag/AgCl 
(3 M KCl) as the reference electrode and a platinum wire as the counter 
electrode. The I-V curves to characterize the Au electrodes and the NP chains 
were performed in a Faraday cage in air.  Figure 2.5 shows the two-electrode 
set up in air where the reference and counter electrode leads are attached to 
one electrode of the TED device and the working electrode lead is attached to 
the other electrode of TED. 
Chronocoulometry 
Chronocoulometry is an electrochemical technique where the potential of the 
working electrode is stepped to a constant value and the number of coulombs 
passed at the electrode is monitored as a function of time.  We used this 
technique for the deposition of Ag onto the Au electrodes where the potential 
of the working electrode was stepped to a negative enough value for the Ag+ 











Figure 2.4 Image showing three electrode set - up used for the cyclic voltammetry 






Figure 2.5 Image showing the two-electrode setup used in the pico amp 
booster of CHI 660A. Inset shows the attachment of the reference 
electrode (white clip) and counter electrode (red clip) to one lead of the 
device and working electrode (green) to the other lead. This allows the 




Chronoamperometry is an electrochemical technique where the 
potential of the working electrode is stepped to a constant value and the 
resulting current monitored as a function of time.  In our study, this technique 
was used to form Ag chains in between the microgap electrodes in air by 
applying a constant potential and monitoring the change in current as a function 
of time using the two-electrode setup.  The rise in current in the current time 
plot indicated the formation of a connection or chain across the two electrodes. 
2.2.2. Scanning Electron Microscopy (SEM) 
SEM comes under the category of electron microscopy where the 
images are being produced by scanning the surface of the sample with a 
focused beam of electrons.  A Carl Zeiss SMT AGSUPRA 35VP field emission 
SEM was used for all images at an accelerating voltage of 8.00 KV.  The 
interaction between the electrons and the surface of the sample produces 
signals which give information on the topography of the sample surface.  SEM 
was very helpful in this study as it provided information about the Ag NWs 
synthesized as well as the number and morphology of the Ag nanochains 
formed. 
2.3. Solution Methods 
2.3.1. Determination of Deposition Potential of Ag 
 In order to deposit Ag metal onto the electrode surface the deposition 
potential had to be determined.  The potential was determined by obtaining a 
cyclic voltammogram of Au TED in 5 mM AgNO3 in aqueous 0.1 M H2SO4 by 
scanning from 0.6 V to -0.4 V at a scan rate of 100 mV/s using a Ag wire quasi 
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reference electrode and Pt wire counter electrode as in Figure 2.6 A.  Silver 
was in the oxidized form as Ag+ ions in solution.  As the voltage approached 
near 0.0 V from +0.6 V, cathodic current started to flow due to the reduction 
reaction of Ag+ + 1e- à Ag0.   When the direction of the potential sweep was 
reversed from -0.4 V, oxidation of Ag0 occurred near 0.0 Vresulting in the anodic 
peak for the reaction Ag0 à Ag+ + 1e-.  The dashed line at -0.3 V in Figure 2.6.A 
shows the potential used for the electrodeposition of Ag onto the Au electrodes.  
This is the potential determined by cyclic voltammetry and was used for the 
chronocoulometric deposition of Ag in a controlled manner. 
2.3.2. Electrodeposition of Ag Nanoneedles on Au TED 
After the TED was cleaned and checked for the background current Ag 
was deposited on each Au electrode.  Ag NWs were deposited at each 
electrode using 5 mM AgNO3 in 0.1 M H2SO4 solution as the electrolyte solution 
using a platinum wire as the counter electrode, Ag wire as the quasi reference 
electrode, and by attaching only one lead of the TED as the working electrode 
to the potentiostat at a potential of -0.3 V.  The deposition was similar to our 
previous work30 but fewer coulombs was deposited in order to prevent the 
formation of full connection to access the gap.  When 1.7 x 10-5 C of Ag was 
deposited on each electrode small dendrites (or nanoneedles) formed on both 
side which did not make a connection to the other side. Figure 2.6 B shows the 
chronocoulormetric plot of Ag deposition of 1.7 x 10-5 C at a potential of -0.3 V.  
After the deposition, the current of the TED was checked to make sure there 
were no connections formed between the microgap electrodes during the 




























Figure 2.6 (A) Cyclic Voltammogram of 5 mM AgNO3 in 0.1 M 
H2SO4. (B) Chronocoulometric plot for the deposition of Ag nano 
needles using 5 mM AgNO3 in 0.1 M H2SO4. Inset showing the 





2.3.3. Electrodeposition of Ag NP on Au TED device 
A compact film of Ag NPs was deposited on each electrode of the TED 
by chronocoulometry using a solution of 10 mM AgNO3 in water with no other 
supporting electrolyte.  About 6 x 10-5 C of charge was deposited on each side 
at -0.3 V, which took around 5 seconds.  This deposition did not lead to the 
formation of any dendrites.  Figure 2.7 shows the chronocoulometric plot of a 
TED device at -0.3 V in 10 mM AgNO3 solution with the SEM image showing 
how Ag was deposited onto the Au electrodes.  Deposition using AgNO3 in 
water was easier compared to deposition using AgNO3 in 0.1 M H2SO4 as the 
latter took less than 1.5 seconds for the deposition, which was much harder to 
monitor.  Also, it would often form a connection if deposited for a few more 
seconds as the dendrites grew longer and touched the other electrode. This did 






































Figure 2.7 Ag deposition on Au TED using 10 mM AgNO3 in 
water by chronocoulometry technique at -0.3 V. 
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2.4. Electronic Measurements 
2.4.1. Ag NP Chain Formation 
The devices which did not show any connection between the electrodes 
after Ag deposition were used for the study of Ag NP chain formation.  The 
absence of a connection was confirmed by running a cyclic voltammogram from 
+1 V to -1 V between two terminals set up in air. If the device showed the same 
current level (<40 rA) before and after the deposition of Ag it meant that there 
were no connections formed during the deposition.  The device was then dipped 
into 0.1 M CTAB solution for 3 hours, rinsed with nanopure DI water and dried 
under nitrogen.  Then a voltage was applied between the microgap electrodes.  
The current was measured as a function of time to determine if a 1D Ag NP 
chain was formed.  The chains were formed by the oxidation of Ag at the 
positive electrode to form Ag+ ions which get redeposited by reduction of Ag+ to 
Ag at the negative electrode leading to a spike in the current–time plot.  This 
process happens in the presence of CTA+ and Br- ions and humidity, where the 
surfactant CTAB acts as a supporting electrolyte, making a complete 
electrochemical cell setup as reported previously.1  Figure 2.8 shows the overall 














FORMATION OF SINGLE 1D CHAINS ACROSS MICROGAP 
ELECTRODES 
 
3.1. Results and Discussion 
We performed two main strategies for the synthesis of single 1D Ag NP 
chains across an electrode microgap as described in the experimental section. 
The first is the Ag nanoneedle method, which involved electrodeposition of Ag 
nanoneedles onto the electrodes that did not fully cross the gap. The 
connection was then made by the formation of an Ag NP chain in air.  The 
second method is the Ag NP film method, where a more uniform film of Ag NPs 
was electrodeposited onto each electrode.  Then the gap was connected with 
an Ag NP chain by applying a voltage in air.  The results of these two methods 
are described in the rest of this chapter. 
3.1.1 Results of the Ag Nanoneedle Method 
After Ag nanoneedle electrodeposition as described in the experimental 
section, the current flowing through the device was measured while scanning 
from +1 V to -1 V between the two electrodes in air and compared to the bare 
Au electrode device before Ag deposition to make sure that no connections 
formed during the deposition.  The current time plot in Figure 3.1 A shows a 
current of 10-2 A after passing 5 x 10-5 C of charge during Ag nanoneedle 
deposition. This large current indicates that the wires have 
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grown enough to touch both electrodes by crossing the microgap, which can 
be seen in the SEM image in Figure 3.1 C.  When about 1.7 + 0.2 x 10-5 
Coulombs of charge passed during deposition of Ag nanoneedles on each 
electrode, the Ag nanowires grew like little protrusions at each electrode without 
forming any contact between the electrodes.  Figure 3.1 B. shows the is-V curve 
from +1 V to -1 V applied between the electrodes of the bare Au device and the 
same device after Ag electrodeposition, revealing that there was no change in 
current, indicating that there was no direct Ag connection between the two 
electrodes.  The SEM images of the device after deposition in Figure 3.1 D 
shows that the needles form at random positions on the electrodes without 
making a connection between them, consistent with the i-V curve.  This type of 
device was further used for Ag NP chain formation studies. 
After the electrodeposition of Ag needles, the devices were dipped in 0.1 
M CTAB solution for about 3-4 hours.  After soaking the device was rinsed with 
nanopure water for 5 seconds and dried under nitrogen.  A certain voltage was 
applied between the two electrodes in air and the current was monitored as a 
function of time.  Figure 3.2 A and B shows the i-t plot of a bare Au electrodes 
(treated with CTAB) at 10 V no current spikes and its corresponding SEM 
image.  The current time plot did not show any spikes and showed flat current 
when a large voltage was applied between the CTAB-treated Au electrodes 
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Figure 3.1. (A) i-V curves of the TED device before (black) and after (red) 
deposition of Ag nano needles by passing 5 x 10-5 C of charge in 4 seconds, 
causing the Ag to cross the electrode gap and make a connection as shown in 
the SEM image in C. (B) i-V curve of TED before (black) and after (red) 
deposition of Ag nano needles on both sides by passing 1.7 x 10-5 C of charge 










Figure 3.2 A) Current-time plot corresponding to the bare TED device 
at 10 V. B) SEM of the bare TED with no chains. C) Current- time plot 
showing the current spikes when 5 V was applied across the TED D) 
SEM image of TED Device after Ag deposition, CTAB treatment and 
application of 5 V for 450 seconds. Multiple Ag nanochains were 




When 5 V was applied across the electrodes deposited with Ag 
nanoneedle a series of current spikes appeared due to the applied voltage 
(Figure 3.2 C).  These corresponding spikes to the formation of multiple Ag NP 
chains as seen in Figure 3.2 D. The lack of chains with the Au only device 
confirms that the chains are made of Ag. 
Our goal in this study was to control the number, morphology, and 
current flowing through the connections. For the formation of single Ag 
nanochains, we first started with a lower voltage of 1 V until we either observe 
a current spike 1000 seconds passes.  If no spike was observed, we then 
stepped to 2 V for again up to 1000 seconds. This sequence was repeated, 
going up in 1 V increments until a current spike occurred.  The application of 
the voltage was abruptly stopped as soon as we saw a spike in current, which 
means a connection was formed. We believed that starting with a low voltage 
and slowly moving up would allow us to form single Ag NP chains across the 
gaps. 
 Figure 3.3 A shows a current time plot of a TED, with Ag nanowire 
deposition and CTAB treatment where no chains formed when 1 V was applied 
for 1000 seconds. Then 2 V was applied and a 10-3 A current spike appeared 
following a small bump of 3.5 x 10-4 A (Figure 3.3 B and C) near 250 seconds 
which increased to 10-3A within 0.5 seconds. The voltage was stopped abruptly 
after the spike and the current flowing through the device was found to be 10-3 
A from the i-V curve from +1 V to -1 V (Figure 3.3 D). The chain displaying a 







Figure	3.3.	A) Current-time plot of the Ag needle deposited TED with no current 
spikes when 1 V was applied B) Small current spike (shown by arrow) 
followed by the 10-3 A spike at 257 seconds at 2 V. C) Zoomed in image of 
the small spike (shown by arrow in image A) which is at the 10-4 A level. D) i-
V curve of TED after chain formation (E, F) SEM images of the TED. (E) 





Figure 3.4. A) Current-time plot of Ag nanoneedle TED at 1 V with no current 
spikes. B) Current-time plot showing a current spike at 620 seconds with a 
magnitude of 8 x 10-5 A when 2 V was applied across the electrode. C) i-V plot 
showing the current flowing through the device after i-t plots. D, E) SEM images 
of TED device with single 1D Ag nanoparticle chains. Black circle shows the 
apparent shortest electrode gap in image D, but no chain formed there. 
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Figure 3.4 A shows another sample, where 1 V was applied for 1000 
seconds as before.  Since there was no current spike we then applied 2 V, 
which showed a current spike at 600 seconds of ~8 x10-5 A, at which the voltage 
was stopped abruptly. The current flowing through the device was found to be 
in 10-5 A range from the i-V curve (Figure 3.4.C). The corresponding SEM image 
in Figure 3.4 D shows a chain across the gap having well separated very small 
Ag nanoparticles all along the chain. However, the nanoparticle chain was not 
found to be formed in between the shortest distance of the needles as shown 
in Figure 3.4 D as indicated by the black circle. It could be that the needle circled 
is sticking up away from the electrodes.   
Figures 3.3 and 3.4 show two very different connections with different 
resistance could be formed depending on when the applied voltage is turned 
off, based on when a spike is observed.  It is a bit hard to control.  However, in 
order to better control the amount of current flowing through the single Ag 
nanochain connection we altered the strategy a bit.  In this strategy, we first 
applied 1 V for 1000 s (or until a spike occurred). Then we applied 2 V until a 
current spike occurred. In the sample of Figure 3.5, the current was 5 x 10-6 A 
in the i-t plot.  After observing the current spike at 2 V, we switched back to a 
lower voltage of 1 V to more slowly and controllable fine tune the current. This, 
resulted in a current of 3 x 10-4 A within a second of applying the voltage for the 
sample in Figure 3.5 E and F.  This Ag nanochain had well defined Ag 
nanoparticles neatly separated from one another as seen in Figure 3.5 F and 
the Ag nanoparticles seem to have grown bigger than the Ag nanoparticles 
which had a current of 10-5 A in Figure 3.4 E likely due to the larger current.  
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Figure 3.6 shows the current time plots and SEM image of another TED 
device.  As before, no current spike was observed when 1 V was applied for 
1000 seconds. When 2 V was applied, till a current spike of 1.5 x 10-4 A 
appeared, which would correspond to the current caused by as well separated 
Ag NP chain as in Figure 3.5.  When we went back to 1 V, the current level 
increased to 6 x 10-3 A due to the formation of a continuous single Ag nanowire 
(Figure 3.6 A and B). This connection presumably grew from the well 
interconnected Ag NP chain formed when 2 V was applied. 
Here we proposed two methods for the synthesis of single Ag 
nanochains across the microgap of TED.  The first involved applying a voltage 
starting from 1 V and increasing 1 V increments until the first current spike 
appeared, corresponding to a single chain formation.  The current level of the 
chain could not be well controlled in this case.  The second method involved 
the same voltage application starting from 1 V increments.  In this case, once 
the very first sign of any current spike appeared, the voltage was changed back 
to 1 V to fine tune the current level to the desired value. The application of 1 V 
at the end allows the connected chain to grow bigger with more current without 
forming additional new chins across the gap.  Table 3.1 shows the overall 
results from the i-V curves and SEM images of the different devices prepared 
with single 1 D Ag nanoconnections. Those at the 10-3 A level are well 
connected wire or rod structures.  Those at the 10-4 A level are 1D chains of 
~100nm Ag NPs in single file. Those at the 10-5 A level are Ag NP chains of < 







Figure 3.5. (A, B) i-T plots of TED at 1 V and 2 V where no spikes were observed 
when 1 V was applied and 4 x 10-6 A current spikes were observed when 2 V was 
applied. C) i-t plot after going back to 1 V D) i-V plot showing the final current flow 







Figure 3.6 (A, B) i-t plots of TED at 1 V, 2 V and 1 V where no spikes were 
observed when 1 V was applied, 1.4 x 10-4 A current spikes were observed 
when 2 V was applied, which then increased to 6 x 10-3 A when 1 V was 
applied again. D) i-V plot showing the current flow in the TED after chain 
formation. (E, F) SEM images of the single Ag nanowire type connection 
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16 kW /Small Ag NP 
~40nm chain  
 
 
Step 1: 1 V – No Spike 
Step 2: 2 V – 6 x 10-6 A 
Step 3: 1 V - 2 x 10-4 A 
 
   
4 kW/ Ag NP~190 nm 
 
Step 1: 1 V - No Spike 
Step 2: 2 V – 5 x 10-6 A 
Step 3: 1 V – 3 x 10-4 A 
  
4 kW/Ag NP~200 nm 
 
 
Step 1: 1 V – No Spike 
Step 2: 2 V – 1.4 x 10-4 A 
Step 3: 1 V- 6 x 10-3 A 
 100 W/ 
Single Ag nanorod 
~ 120 nm thick 
 
 
Step 1: 1 V – No Spike 
Step 2: 2 V – 6 x 10-4 A 
Step 3: 1 V- 8 x 10-3 A 
 80 W/ 
Single Ag nanorod 
~ 180 nm thick 
Table 3.1. Overall i-V data and SEM image results of different TEDs with 
single 1D Nano chains synthesized using Ag needle deposition. 
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From the above study, the current time plot seems to give a good idea 
about the number of chains formed in the gap and the morphology.  Figure 3.7 
A shows the i-t plot of a device at 3 V, where a lot of small current spikes in the 
range of 10-7 A appeared followed by spikes with a current range at 10-5 A. As 
the potential was decreased to 1 V the current increased to 9 x 10-4 A and was 
followed by several small spikes in the range of 1 x 10-4 A range (Figure 3.7 B). 
Here we would predict that the bigger spike indicates the formation of a good 
connection and the smaller ones might indicate smaller Ag NP chains.  The 
corresponding SEM image (Figure 3.7 C) shows one prominent Ag nanochain 
and a few comparatively smaller connections, which we believe to correspond 
to the smaller spikes in the current- time plot. These multiple chains likely 
formed as a result of the highly branched morphology of the needles on this 
electrode.   
Sometimes during the deposition of Ag nanoneedles on both sides of 
the electrode, we find that the needles fuse to form a well-connected structure 
even before the application of a voltage in air (Figure 3.8 A).  Stopping the 
deposition at 1.5 s in order to deposit needles halfway across the gap was a 
difficult task with 5 µm gap. Due to these drawbacks of the Ag needle deposition 
method, we also tried a different Ag deposition method for the synthesis of 
single Ag NP 1D chain.  It involved the deposition of more uniform Ag NP films 


























Figure. 3.7. A,B) Current time plots while applying 3 V and 1 V, where there 
was a big spike of 9 x 10
-4
 A current followed by several smaller spikes of 
10
-5
A. C) SEM image of the device having one prominent chain and several 













Figure 3.8. A) Completely fused Ag nanoneedles during the deposition 
process. 
	 43	
3.1.2. Ag NP Film Method for Fabrication of Single Ag Nanoparticle Chain 
Across Microgap Electrodes  
A similar way to synthesize single Ag NP chains was performed on Ag 
NP films deposited on a TED (with Ag film on both sides).  In this case, Ag 
deposition was carried out at -0.3 V in 10 mM AgNO3 in water instead of in 0.1 
M H2SO4.  This leads to Ag deposition in the form of NPs evenly coated on both 
electrodes instead of Ag nanoneedles protruding from each electrode.  The 
devices were soaked in 0.1 M CTAB for 3 hours as before, rinsed with nanopure 
water for 5 seconds and dried under N2. Figure 3.9 A shows a current-time plot 
obtained at 1 V for 1000 s and then at 2 V for the device prepared this way. The 
current was very low and stable for the entire 1000 s at 1 V. At 2 V, the current 
increased to 2.5 x 10-4 A within 8 seconds (Figure 3.9 B). Figure 3.9 C shows 
the final i-V curve of the device. The current was in the 10-4 A level and not 
ohmic, but clearly a connection was made.  The corresponding SEM images in 
Figure 3.9 D and Figure 3.9 E shows a connection of Ag NPs across the gap 
that are very broad at the positive electrode but narrower as it reached the 
negative electrode.   While the NPs appear disconnected, the presence of 
measurable 10-4 A current reveals that they must be connected somehow, 
possibly through smaller NPs. 
Figure 3.10 shows that a device held at 1 V (Figure 3.10 A) and 2 V  
(Figure 3.10 B) over a longer period of time, having multiple spikes.  The SEM 
images in Figures 3.10 C, D, and E shows the 5 main connections possibly 
corresponding to the 5 main peaks in the i-t plot. 
 As in Figure 3.10 B the connections were again broad at the positive 






Figure.3.9. A,B) Current time plot of a Ag NP film device soaked in CTAB for 
3 hours at 1 V and 2 V. (C) i-V plot of the TED after chain formation. D,E) SEM 
images of the device after the current time and i-V plot. Showing a chain 
connecting the electrodes that are broad at the positive and thin at the 




Figure.3.10. (A, B) i-t plot of a Ag NP film device showing no spikes when 1 
V was applied and multiple current spikes when 2 V was applied over a 
period of time. (C, D and E) Corresponding SEM images showing multiple 
1D chains across the microgap.  The arrows and numbers in Figure B 
correlate with the 5 connections observed in the SEM images. 
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using the Ag nanoneedles consisted of well-aligned NPs in a single file since 
they originally form one of the thin needles.   Those from the Ag NP film were 
broader at the positive electrode (where oxidation occurs) due to the movement 
of several oxidized Ag+ ions in the area, which then became narrower as the 
Ag+ migrated to the negative electrode. 
To obtain one single chain, the same strategy was applied as that 
applied to obtain single chains with Ag needle devices.  In the same way after 
CTAB treatment, a 1 V potential was applied for 1000 seconds, which usually 
resulted in no spikes (Figure 3.11 A).  After 2 V was applied, we usually 
observed the first current spike and stopped the voltage immediately. In Figure 
3.1.. B, the current jumped to 10-5 A level in just 0.5 seconds at 2 V.  Then, we 
lowered the voltage to 1 V for some time to make the existing chain grow into 
bigger particles with a better connected chain.  As the voltage was decreased 
to 1 V, the current increased to 10-4 A within a second (Figure 3.11 C) The final 
current flowing through the device is shown in Figure 3.11 D.  When imaged by 
SEM (Figure 3.11 E and F) the device showed only one connection where the 
Ag NPs again were started broader on the positive electrode and eventually 
became thin as it touched the negative electrode. 
Figure 3.12 B another device. We observed no current at 1 V but a  
current spike of 6x 10-4 A appeared at 350 s when 2 V was applied across the 
gap (Figure 3.12 B).  When the potential was decreased to 1 V  again, the 
current increased to 3 x 10-3 A.  The corresponding SEM image (Figure 3.12 (D 
and E)) show that a chain of Ag NPs formed across the gap that are larger and 




Figure.3.11. (A, B) Current time plots of the device with A) no current spike at 1 V 
and B) Single current spike of magnitude 10-5 A at a potential of 2 V C) The current 
increased to 10-4A when a potential of 1 V was applied. D) i-V plot showing the final 
current flowing through the device. E) SEM image of the whole device with a single 










Figure.3.12.  Current time plots of the device with A) no current spike when 1 
V was applied. B) Single current spike at 350 s of 10-4 A at a potential 2 V C) 
Current spike increased to 10-3A when 1 V was again applied. D) i-V plot 
showing the final current flowing through the device. E) SEM image of the gap 
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Table 3.2. Electronic properties and SEM images of the various 1D Ag NP 
chains using Ag NP deposition method. 
.	
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We wanted to determine the reproducibility of the method on different 
devices with the similar Ag NP film deposition and CTAB treatment. These  
resulted in single 1D NP chains across the TED which has been summarised 
in Table 3.2.  The currents measured through the device were controlled by the 
time of applying the second 1 V application. The chain morphologies match the 
measured current. 
3.2. Conclusions 
We controlled the formation of single Ag NP chains across Au microgap 
electrodes separated by a 5 µm distance.  Our study clearly indicates that single 
Ag nanoparticle chains can be fabricated by monitoring the current time plot 
starting at lower voltages and slowly increasing the voltage. Initially the NP 
chains were fabricated by applying a lower potential and then stepping 
gradually to higher voltages until a current spike was observed. This resulted 
in single chains, but resulted in current spikes uncontrollably in the 10-5 to 10-3 
A range. Later, the NP chains with a higher current level were fabricated by 
applying 1 V after the chain formed in order to make the NPs of the chain grow 
into larger particles, but still remaining as a single NP chain.  
In one method, the chains were fabricated using electrodes with Ag 
nanoneedles electrodeposited on both sides of the electrode.  The deposition 
of the needles usually took about 1.2 seconds by chronocoulometry and it was 
a bit difficult to stop the deposition within that time limit.  The needles also grew 
at random positions on the electrode, which was not very controllable, and they 
sometimes fused, making a direct connection.  Although the needles grew into 
the microgap, the chain formation was not always at the needles with the 
shortest distance gap, which possibly indicates that different amounts of CTAB 
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are present at different locations of the electrode gap.  With the nanoneedles 
the Ag NP chains are uniform and in single file in the 10-4 A to 10-5 A level and 
a continuous wire in the 10-3 A level. 
In the second method, Ag was electrodeposited using 10 mM AgNO3 in 
water, which led to a more uniform deposition of Ag over the electrode. This 
took about 5 seconds for the deposition of 6 x 10-5 C and was much easier to 
control as compared to 1.6 seconds for the Ag needle deposition. It also 
minimized the risk of forming direct connections during deposition. The single 
Ag NP chains could be fabricated by monitoring the current time plot at lower 
voltages and by lowering the voltage to 1 V after chain formation.  The current 
of these Ag NP chains were well-controlled but the morphology was not as 
uniform.  The connected Ag NP chains were broad at the positive electrode and 











 This study describes an electrochemical approach for the synthesis of 
single 1D Ag NP chains between a 5 µm gap TED.  This technique is a reliable, 
rapid, and template free fabrication method enabled by combining 
electrochemistry and microfabrication. The chains were formed by an 
electrochemical process where the metal was oxidized at the positive electrode 
and deposited at the negative electrode under an applied potential in the 
presence of CTAB and humid air.  The potential applied and current spikes 
observed in the current time plot allowed control of the single 1D chains.  Lower 
potentials lead to the formation of single NP chains showing a current spike in 
the current-time plot.  The potential was quickly stopped at this point to achieve 
a single NP chain.  A lower voltage (1 V) was then applied to control the chain 
morphology and conductivity. Electrodeposited Ag nanoneedles led to uniform 
Ag NPs in a single file or continuous wires, while electrodeposited Ag NP films 
led to cone shaped chain assemblies. 
4.2 Future Fundamental Studies 
Apart from the potential applications in chemical sensing, molecular and 
nano electronics, these single 1D chains could be used for Surface Enhanced 
Raman Scattering (SERS) and Localized Surface Plasmon Resonance (LSPR) 
studies.
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The resistive switching behavior of these devices would be interesting 
as they might show different switching behavior at different current levels, which 
we can control.  Surface Enhanced Raman Spectroscopy (SERS) and 
Localized Surface Plasmon Spectroscopy (LSPR) measurements during 
resistive switching of these 1D chains would be very interesting.  The 
development of these 1D nanochains with different metals, such as Cu, Pd and 
Ni, could also be developed in the same way for nanoscale chemical sensing, 
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